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(54) Valve timing control apparatus for engine 

(57) A valve timing control apparatus that continu- 
ously controls the valve timing of an intake valve (8) or 
an exhaust valve (9) of an engine (1). This apparatus 
includes a hydraulic variable valve timing mechanism 
(25), a hydraulic control valve (55) and an electronic 
control unit (80) for controlling the control valve (55). 
The variable valve timing mechanism (25) alters the 
valve timing to change the valve overlap of the intake 
valve (8) with respect to the exhaust valve (9). The 
hydraulic control valve (55) controls the hydraulic pres- 
sure supplied to the variable valve timing mechanism 
(25). The real phase of the valve timing is coincided with 
a target phase that corresponds with the running condi- 
tions of the engine (1). When the real phase of the valve 
timing approaches the target phase, the hydraulic con- 
trol valve (55) is controlled to sustain the phase of that 
instant. The electronic control unit (80), which learns the 
control state of the valve-timing sustaining control, sets 
an initial learning value that reduces the valve overlap 
when the learning has started. 
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Description 

TECHNICAL RELD TO WHICH THE INVENTION 
pELONQS 

The present invention relates generally to a valve 
timing control apparatus that includes a timing change 
mechanism for controlling the valve timing of the intake 
valve or exhaust valve of an engine. More particularly, 
this invention relates to a valve timing control apparatus 
that continuously controls the valve timing in accord- 
ance with the running conditions of the engine. 

RELATED BACKGROUND ART 

In the conventional engine with an ordinary struc- 
ture, the intake valve and exhaust valve operate to 
selectively open or close respective air-intake and 
exhaust passages, which are connected to the individ- 
ual combustion chambers. Those valve timings are spe- 
cifically synchronous with the rotational phase of the 
crank shaft and thus the timing of the up-and-down 
movement of the pistons. Therefore, the intake amount 
into any one of the combustion chambers and the 
exhaust amount therefrom vary depending on the angle 
of a throttle valve provided separately in the engines 
air-intake passage, or on the speed of the engine. 

Various apparatuses are available that alter the 
valve timing in order to control the intake and exhaust 
amounts in the combustion chamber with a greater 
degree of freedom. Such apparatuses include a variable 
valve timing mechanism for changing the valve timing 
and a computer for controlling the operation of the vari- 
able valve timing mechanism. This computer controls 
the variable valve timing mechanism in accordance with 
the running condition of the engine to control the valve 
timing of the intake valve or the exhaust valve, thereby 
controlling the degree of valve overlapping of the intake 
valve and exhaust valve. Accordingly, the amount of the 
mixture of air and fuel to be supplied to each combus- 
tion chamber is controlled to optimize the air-fuel ratio of 
that mixture so that the engine power and emissions are 
properly adjusted. 

When the engine speed is relatively high, for exam- 
ple, the computer controls the variable valve timing 
mechanism so as to relatively increase the valve over- 
lapping. Under this control, the efficiency of the supply 
of air into the combustion chambers is enhanced by uti- 
lizing the inertia of the air that passes through the air- 
intake passage, thus improving the engine power. When 
the engine speed is relatively low, on the other hand, the 
computer controls the variable valve timing mechanism 
so as to relatively decrease the valve overlapping. This 
control prevents the exhaust gas. once discharged from 
the combustion chambers, from flowing back to the 
combustion chambers so that the exhaust gas remain- 
ing in the combustion chambers or the ratio of the inter- 
nal EGR is reduced to prevent the miscombustion of the 
air-fuel mixture. 



Japanese Unexamined Patent Publication No. Hei 
4-279705 discloses one example of such a valve timing 
control apparatus. This apparatus is capable of chang- 
ing the valve timing continuously and to the desired level 

5 in accordance with the running condition of the engine. 
As shown in Fig. 13, this apparatus has a cam position 
sensor 91 to detect the rotational position of a cam shaft 
92. A crank position sensor 93 detects the rotational 
position of a crank shaft 94. First and second hydraulic 

10 pumps 95 and 96 pump out the oil of an oil pan 97. A 
variable valve timing mechanism 98, provided at the 
cam shaft 92, is hydraulically driven to change the rota- 
tional phase of the cam shaft 92. This mechanism 98 
has a timing pulley 98a and incorporates a ring-shaped 

is piston and a transmission member (both unillustrated), 
which couple the pulley 98a to the cam shaft 92. As the 
piston is moved by the hydraulic pressure, the rotational 
phase of the cam shaft 92 is changed. A hydraulic line 

99 connects the second hydraulic pump 96 to the mech- 
20 anism 98. First and second oil control valves (OCVs) 

100 and 101 provided midway in the hydraulic line 99, 
control the supply of the hydraulic pressure to the mech- 
anism 98. An electronic control unit (ECU) 102 com- 
putes the rotational phase of the cam shaft 92, or the 

25 target phase associated with the control of the valve tim- 
ing, based on the value of the rotational speed of the 
crank shaft 94 (engine speed). The ECU 102 detects 
the actual phase of the valve timing based on the output 
signals of both sensors 91 and 93. The ECU 102 com- 

30 pares the detected actual phase with the computed tar- 
get phase to compute a change value to be used in 
altering the rotational phase of the cam shaft 92. Based 
on this computed change value, the ECU 102 performs 
duty control of the opening s of both OCVs 1 00 and 1 0 1 . 

35 Accordingly, the mechanism 98 is controlled to provide 
the optimal valve timing in accordance with the running 
condition of the engine 1 03. 

To advance the valve timing from the current timing, 
for instance, the ECU 102 fully closes the second OCV 

40 1 01 and executes the duty control on the opening of the 
first OCV 100 in accordance with the aforementioned 
change value. When the value of a change in the rota- 
tional phase of the cam shaft 92 matches with the target 
value, the ECU 102 fully closes both OCVs 100 and 101 

45 to sustain the valve timing. This control allows the 
hydraulic line 99 to be tightly closed and maintains the 
value of a change in the rotational phase of the cam 
shaft 92, so that the valve timing of that instant is sus- 
tained. When the oil leaks from somewhere in the 

so hydraulic line 99, the valve timing may vary. In this 
respect, the ECU 102 controls both OCVs 100 and 101 
while always detecting the valve timing to execute feed- 
back control of the valve timing. To retard the valve tim- 
ing from the current timing, the ECU 102 fully closes the 

55 first OCV 100 and executes duty control on the opening 
of the second OCV 1 01 in accordance with the change 
value. When the value of a change in the rotational 
phase of the cam shaft 92 matches with the target 
value, the ECU 102 likewise fully closes both OCVs 100 
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and 101 to retard the valve timing. This control main- 
tains the value of a change in the rotational phase of the 
cam shaft 92, so that the valve timing of that instant is 
sustained. 

In this valve-timing sustaining control to sustain the s 
valve timing to the target phase, the apparatus dis- 
closed in the aforementioned publication performs no 
control to evaluate the control result and to learn a 
learning value for correcting the valve-timing sustaining 
control based on the evaluation result. In other words, 10 
this prior art lacks optimal learning control in the case 
where learning control is adapted to the sustaining con- 
trol. 

The output characteristics of the mechanism 98, 
both OCVs 1 00 and 101, vary depending on their allow- is 
ances or their time-dependent changes. The output 
characteristics also vary depending on the running con- 
dition of the engine 103. As the rotational speed of the 
engine 103 or the warm-up state thereof varies, the lev- 
els of the hydraulic pressures acquired by both pumps 20 
95 and 96 differ from each other. This difference in 
hydraulic pressure causes the output characteristics of 
the individual members 98, 100, 101, etc. to vary. To 
eliminate the influence of the allowances or time- 
dependent changes of the individual members 98. 100, 25 
101 , etc. from the sustaining control, therefore, learning 
control should be adapted to the sustaining control. For 
adaptation of the learning control to the sustaining con- 
trol, there are several problems. 

For example, one of the problems is to determine 30 
what should be the initial value to be used in the initial 
learning process in consideration of the allowances or 
time-dependent changes of the individual members 98, 
100, 101, etc. When the initial value is improper, the 
sustaining control may bring about the improper result 35 
during the period in which the initial learning is com- 
pleted temporarily. Another problem is to determine on 
what should be the learning value used in the sustaining 
control when the mechanism 98 recovers from the fail- 
ure-originated fixed state on the premise that the valve- 40 
timing sustaining control should be executed. When an 
improper learning value is set, the sustaining control 
may bring about an improper result during the period in 
which the learning is completed temporarily after the 
recovery from the failure. If the adjustment of either 45 
value is inadequate, the proper valve timing cannot be 
acquired temporarily. If the valve timing is too advanced 
temporarily, the valve overlapping becomes too large 
temporarily and the combustion of the air-fuel mixture in 
the combustion chambers becomes unstable, which so 
may result in misfire or engine stalling. 

In addition, the mechanism 98 may temporarily 
become inoperable due to mechanical restriction. Such 
may occur when the piston in the mechanism 98 moves 
and comes to its end position. In this case, with simple 55 
execution of the sustaining control, it is not possible to 
distinguish the stop of the mechanism 98 by the sustain- 
ing control from the stop of the mechanism 98 by the 
mechanical restriction thereof. When learning control is 



adapted to the sustaining control, therefore, an inaccu- 
rate learning value may be obtained in the learning con- 
trol. Further, even if the learning value is updated in the 
learning control, the actual phase of the valve timing 
may not converge to the target phase. 

DISCLOSURE OF THE INVENTION 

Accordingly, it is a primary objective of the present 
invention to provide a valve timing control apparatus for 
an engine, which employs learning control in the valve- 
timing sustaining control for correcting this sustaining 
control to thereby ensure the elimination of the influence 
of the allowances or time-dependent changes of the 
mechanisms of the apparatus on the sustaining control 
and to execute the optimal learning control during the 
period from the beginning of new learning to the point of 
the temporary termination of that learning. 

It is another objective of this invention to provide a 
valve timing control apparatus for an engine, which 
employs learning control in the valve-timing sustaining 
control for correcting this sustaining control to thereby 
ensure the elimination of the influence of the allowances 
or time-dependent changes of the mechanisms of the 
apparatus on the sustaining control, and to execute the 
optimal learning control in consideration of the possibil- 
ity that the apparatus may become inoperable due to 
the mechanical restriction. 

To achieve the foregoing and other objects and in 
accordance with the purpose of the present invention, a 
valve timing control apparatus for an engine is provided. 
The engine has an air intake passage for introducing air 
to a combustion chamber and an air exhausting pas- 
sage fa exhausting gas from the combustion chamber, 
the intake passage and the exhausting passage respec- 
tively har. an intake valve and an exhaust valve. The 
valves are alternately opened and closed with a valve 
timing according to rotation of a cam shaft, which 
rotates in synchronism with rotation of a crank shaft of 
the engine. The valves are simultaneously opened dur- 
ing a period of the valve overlap. The rotational phase of 
the cam shaft is selectively advanced or retarded with 
respect to the rotational phase of the crank shaft by an 
adjusting device to adjust the valve timing of at least one 
of the valves. The adjusting device is driven by hydraulic 
pressure supplied from a hydraulic pump and is tuned 
by a hydraulic valve which is controlled by a controller to 
converge the actual valve timing to a target value com- 
puted by the controller based on a current running con- 
dition of the engine so that the period of the valve 
overlap is varied within a range between a maximum 
value and a minimum value, and the valve timing is sus- 
tained when substantial coincided with the target 
value. The apparatus characterized by that the control- 
ler determines an offset between the actual valve timing 
and the target value when the valve timing is sustained 
for a predetermined time period, and calculates a value 
of the offset to correct the target value with a current 
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specific value computed based on the value of the offset 
so as to cancel the offset. 

BRIEF DESCRIPTION OF TH E DRAWINGS 

5 

The features of the present invention that are 
believed to be novel are set forth with particularity in the 
appended claims. The invention, together with objects 
and advantages thereof, may best be understood by ref- 
erence to the following description of the presently pre- io 
ferred embodiments together with the accompanying 
drawings in which: 

Figure 1 is a schematic structural diagram illustrat- 
ing a gasoline engine system; 15 

Figure 2 is a partial cross-sectional diagrammatic 
view showing the structures of a variable valve tim- 
ing mechanism (WT) and a linear solenoid valve 
(LSV); 20 

Figure 3 is a partial cross-sectional diagrammatic 
showing the structures of the WT and LSV; 

Figure 4 is a block diagram showing the structure of 25 
an electronic control unit (ECU); 



30 



Figures 5(a) and 5(b) are explanatory diagrams 
illustrating changes in valve overlapping; 

Figure 6 is a graph illustrating the target displace- 
ment angle as a function of the engine rotation 
speed and engine load; 



Figure 7 is a graph illustrating the timing change 35 
speed as a function of the spool position of the LSV; 

Figure 8 is a chart showing the behaviors of various 
parameters over time; 



Figure 9 Is a flowchart illustrating a "valve timing 
control routine"; 
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Figure 10 is a flowchart illustrating a "failure detec- 
tion routine"; 45 

Figure 1 1 is a flowchart illustrating a Valve timing 
control routine"; 

Figure 1 2 is a flowchart for explaining a part of the so 
flowchart in Figure 1 1 in detail; and 

Figure 13 is a schematic structural diagram show- 
ing a conventional valve timing control apparatus. 



DESCRIPTI ON OF SPECIAL EMBODIMENTS 

With reference to Figures 1 through 10, a detailed 
description will be now given of a valve timing control 
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apparatus according to a first preferred embodiment of 
the present invention as adapted for use in a gasoline 
engine system of a vehicle. 

Figure 1 illustrates the schematic structure of a 
gasoline engine system mounted in a vehicle (not 
shown). An engine 1 has a plurality of cylinders 2, which 
retain pistons 3. Those pistons 3 are coupled to a crank 
shaft 1a and are movable up and down in the associ- 
ated cylinders 2. In each cylinder 2, a combustion 
chamber 4 is located above the piston 3. A plurality of 
ignition plugs 5, which are provided in association with 
the individual combustion chambers 4, ignite a flamma- 
ble air-fuel mixture supplied to each combustion cham- 
ber 4. An intake port 6a and an exhaust port 7a, 
provided in association with each combustion chamber 
4, respectively, constitute a part of an air-intake pas- 
sage 6 and a part of an exhaust passage 7. An intake 
valve 8 and an exhaust valve 9 provided in association 
with each combustion chamber 4 selectively open or 
close the respective ports 6a and 7a. Those valves 8 
and 9 function based on the rotations of different cam 
shafts 10 and 1 1. Timing pulleys 12 and 13, which are 
respectively provided at the distal ends of the cam 
shafts 10 and 1 1 , are coupled to the crank shaft 1a by a 
timing belt 14. 

When the engine 1 runs, therefore, the torque of the 
crank shaft 1a is transmitted with the timing belt 14 and 
the timing pulleys 12 and 13 to the cam shafts 10 and 
1 1 , actuating the valves 8 and 9. The valves 8 and 9 can 
function at predetermined timings in synchronism with 
the rotation of the crank shaft 1a or in synchronism with 
a sequence of operation strokes (the suction stroke, the 
compression stroke, the combustion and expansion 
stroke, and the exhaust stroke) according to the up and 
down movement of each piston 3. 

An air cleaner 15 provided at the inlet side of the 
air-intake passage 6 cleans the outside air drawn into 
the air-intake passage 6. Injectors 16 provided near the 
respective intake ports 6a inject fuel into the intake 
ports 6a. When the engine 1 runs, the air is led via the 
air cleaner 15 into the air-intake passage 6. At this time, 
the fuel injected from each injector 16 is mixed with the 
air, and this air-fuel mixture is led into the associated 
combustion chamber 4 when the associated intake port 
6a is opened by the intake valve 8 during the suction 
stroke. The air-fuel mixture supplied into the combustion 
chamber 4 is ignited and burned by the associated igni- 
tion plug 5. As a result, the piston 3 moves to rotate the 
crank shaft 1a, generating the driving power in the 
engine 1. The exhaust gas after combustion is dis- 
charged out of the combustion chamber 4 via the 
exhaust passage 7 when the exhaust port 7a is opened 
by the exhaust valve 9 in the exhaust stroke. 

A throttle valve 1 7 provided midway in the air-intake 
passage 6 responds to the manipulation of an accelera- 
tion pedal (not shown). The amount of air taken into the 
air-intake passage 6, i.e., the air-intake amount Q is 
controlled by adjusting the opening of this valve 17. A 
surge tank 18 provided downstream of the valve 17 
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dampers the pulsation of air flowing through the air- 
intake passage 6. An air temperature sensor 71 , pro- 
vided in the vicinity of the air cleaner 15. detects an 
intake-air temperature THA and produce a signal corre- 
sponding to the detected value. A throttle sensor 72, 5 
provided in the vicinity of the throttle valve 17, detects 
the opening TA, of the valve 17 (throttle opening ) and 
produces a signal corresponding to the detected value. 
When the throttle valve 17 is fully closed, the throttle 
sensor detects it and sends a signal. A manifold pres- w 
sure sensor 73, provided in the surge tank 18, detects a 
manifold pressure PM and produces a signal corre- 
sponding to the detected value. 

A catalytic converter 19, provided midway in the 
exhaust passage 7. cleans the exhaust gas with an is 
incorporated three way catalyst 20. Further, an oxygen 
sensor 74 provided midway in the exhaust passage 7 
detects the oxygen density Ox in the exhaust gas and 
produces a signal corresponding to the detected value. 
A coolant temperature sensor 75 provided in the engine 20 
1 detects the temperature, THW, of the coolant in the 
engine 1 and produces a signal corresponding to the 
detected value. 

A distributor 21 distributes a high voltage, output 
from an igniter 22, as an ignition signal to activate the 25 
individual ignition plugs 5. The ignition timing of each 
ignition plug 5 is therefore determined by the timing at 
which the high voltage is released from the igniter 22. 

A rotor (not shown) incorporated in the distributor 
21 rotates in synchronism with the rotation of the crank 30 
shaft 1 a with the earn shaft 1 1 . An engine speed sensor 
76 provided in the distributor 21 detects the rotational 
speed of the engine 1 (engine speed) NE in accordance 
with the rotation of the rotor and sends the detected 
value as a pulse signal. A timing sensor 77 also pro- 35 
vided in the distributor 21 detects the reference position, 
GP, of the rotational phase of the crank shaft 1 a at a pre- 
determined rate in accordance with the rotation of the 
rotor and also sends the detected value as a pulse sig- 
nal. In this embodiment, the crank shaft 1 a rotates twice 40 
for one sequence of operational strokes of the engine 1 , 
and the engine speed sensor 76 outputs one pulse sig- 
nal every crank angle CA of 30 degrees while the crank 
shaft 1a rotates twice. The timing sensor 77 sends one 
pulse signal every crank angle CA of 360 degrees. 45 

In this embodiment, a variable valve timing mecha- 
nism (hereinafter simply referred to as " W"T) 25, which 
is provided in the timing pulley 12, serves to alter the 
actuation timing of the intake valve 8. The structure of 
the WT 25. which is a hydraulic type, will be described so 
below in detail 

Figures 2 and 3 depict the structures of the WT 25 
and a linear solenoid valve (LSV) 55 accompanying the 
WT 25. A cylinder head 26 and bearing cap 27 of the 
engine 1 rotatably support the cam shaft 10 with a jour- 55 
nal 10a. The WT 25 is integrally provided with the tim- 
ing pulley 12 at the distal end of the cam shaft 10. Two 
oil grooves 31 and 32 provided in the journal 10a extend 
along the outer surface of the journal 10a. Oil passages 
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33 and 34 provided in the bearing cap 27 supply lubri- 
cating oil to the journal 10a and the oil grooves 31 and 
32. In this embodiment as shown in Figure 1, an oil pan 
28, an oil pump 29, an oil filter 30 and the associated oil 
passages constitute a lubricating device for supplying 
lubricating oil to various locations in the engine 1 . This 
lubricating device provides the WT 25 with hydraulic 
pressure through the lubricating oil. The LSV 55 adjusts 
the hydraulic pressure supplied to the WT 25. 

As the oil pump 29 functions in response to the run- 
ning of the engine 1, the lubricating oil pumped out of 
the oil pan 28 is discharged from the pump 29. The dis- 
charged lubricating oil passes through the oil filter 30 
and is selectively supplied under pressure through the 
individual oil passages 33 and 34 to the oil grooves 31 
and 32 and the journal 10a by the LSV 55. 

The timing pulley 12, having an approximate disk 
shape, and a cylindrical cover 35, which is attached to 
the pulley 12, constitute a housing 36. The cover 35 
covers one side of the pulley 12 and the distal end of the 
cam shaft 10. The pulley 12 has a plurality of external 
teeth 37 on its outer surface and a boss 38 in the center. 
The pulley 12, which is journalled at the boss 38 to the 
cam shaft 10, is rotatable relative to the cam shaft 10. 
The aforementioned timing belt 14 is coupled to the 
external teeth 37. 

The cover 35 has a flange 39 on one end and a hole 
40 formed in the center of the opposite end. A plurality 
of bolts 41 and pins 42 secure the flange 39 to one side 
of the pulley 12. A removable lid 43 is attached to the 
hole 40. The cover 35 has a plurality of internal teeth 
35a formed on its inner surface. 

Space 44 defined by the pulley 1 2 and the cover 35 
retains an inner cap 45 having a generally cylindrical 
form. A hollow bolt 46 and a pin 47 secure the cap 45 to 
the distal end of the cam shaft 10. The inner cap 45 has 
a wail 45a that encloses part of the boss 38, and the 
inner cap 45 and the boss 38 may rotate relative to each 
other. The inner cap 45 has a plurality of external teeth 
45b on its outer surface. 

A cylindrical ring gear 48, located between the 
housing 35 and the cap 45, couples the housing 35, and 
thus the pulley 12, to the cam shaft 10. The ring gear 48 
is accommodated in the space 44 and is movable in the 
axial direction of the cam shaft 10. The ring gear 48 has 
a plurality of helical teeth 48a on its inner surface and a 
plurality of helical teeth 48b on its outer surface. The 
internal teeth 48a of the ring gear 48 engage with the 
external teeth 45b of the cap 45 and the external teeth 
48b of the ring gear 48 engage with the internal teeth 
35a of the cover 35. As the ring gear 48 moves along 
the cam shaft 10, it rotates relative to the cam shaft 10. 

As the pulley 12 rotates, the cam shaft 10 is driven 
through the cover 35, the ring gear 48. and the inner cap 
45. 

As shown in Figures 2 and 3, the space 44 includes 
first and second hydraulic pressure chambers 49 and 
50 defined by the ring gear 48. The first hydraulic pres- 
sure chamber 49 is located between the left side (as 
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viewed in Figures 2 and 3) of the ring gear 48 and the 
distal end of the cover 35. The second hydraulic pres- 
sure chamber 50 is located between the right side (as 
viewed in Figures 2 and 3) of the ring gear 48 and the 
web of the pulley 12. 5 

The cam shaft 10 has an oil passage 51 inside 
extending in its axial direction in order to supply the 
hydraulic pressure produced by the lubricating oil to the 
first hydraulic pressure chamber 49. The distal end of 
this oil passage 51 is connected to the first hydraulic w 
pressure chamber 49 via an axial hole 46a in the hollow 
bolt 46. The proximal end of the oil passage 51 is con- 
nected to the oil groove 31 via an oil hole 52 extending 
in the radial direction of the cam shaft 10. 

The cam shaft 1 0 has another oil passage 53 inside is 
extending parallel to the oil passage 51 in order to sup- 
ply the hydraulic pressure produced by the lubricating 
oil to the second hydraulic pressure chamber 50. An oil 
hole 54 formed in the boss 38 connects the second 
hydraulic pressure chamber 50 to the oil passage 53. 20 

In the above-described structure, the oil passage 
33, oil hole 52, oil passage 51, and hole 46a constitute 
a first supply passage for supplying the hydraulic pres- 
sure produced by the lubricating oil to the first hydraulic 
pressure chamber 49, and the oil passage 34, oil pas- 25 
sage 53, and oil hole 54 constitute a second supply pas- 
sage for supplying the hydraulic pressure produced by 
the lubricating oil to the second hydraulic pressure 
chamber 50. The LSV 55, connected to both supply 
passages, controls the hydraulic pressure to be sup- 30 
plied to the individual hydraulic pressure chambers 49 
and 50 as it undergoes the duty control. Figure 1 illus- 
trates how the LSV 55 is connected to the oil pan 28, oil 
pump 29 and oil filter 30. 

As shown in Figures 2 and 3, a casing 56 of the 35 
LSV 55 has first to fifth ports 57, 58, 59, 60 and 61, 
respectively. The first port 57 communicates with the oil 
passage 33, and the second port 58 communicates with 
the oil passage 34. The third and fourth ports 59 and 60 
communicate with the oil pan 28, and the fifth port 61 40 
communicates with the discharge side of the oil pump 
29 via the oil filter 30. A spool 62, provided inside the 
casing 56, has four cylindrical valve bodies 62a. The 
spool 62 can reciprocate in its axial direction. An elec- 
tromagnetic solenoid 63 provided in the casing 56 45 
causes the spool 62 to move between a first position 
shown in Figure 2 and a second position shown in Fig- 
ure 3. The first position is the rightmost (as viewed in 
Figures 2 and 3) position the spool 62 can reach with 
respect to the casing 56, i.e., the position where the so 
spool 62 is retracted. The second position is the left- 
most (as viewed in Figures 2 and 3} position the spool 
62 can reach with respect to the casing 56, i.e., the posi- 
tion where the spool 62 is extended. A spring 64 pro- 
vided in the casing 56 urges the spool 62 toward the ss 
retracted position. 

When the spool 62 is extended against the urging 
force of the spring 64, the discharge side of the oil pump 
29 communicates with the oil passage 33 and the oil 



passage 34 communicates with the oil pan 28, as 
shown in Figure 3. As a result, hydraulic pressure is 
supplied to the first hydraulic pressure chamber 49 and 
the ring gear 48 rotates while moving in the axial direc- 
tion against the pressure of the oil remaining in the sec- 
ond hydraulic pressure chamber 50. The oil in the 
second hydraulic pressure chamber 50 is drained into 
the oil pan 28. Consequently, the rotational phases of 
the cam shaft 10 and the housing 36 change relatively. 
More specifically, the rotational phase of tht, cam shaft 
10 becomes advanced with respect to the rotational 
phase of the housing 36. As a result, the phase of the 
valve timing of the intake valve 8 becomes advanced 
with respect to the rotational phase of the crank shaft 
1a. 

In this case, as shown in Figure 5(b), the valve tim- 
ing of the intake valve 8 advances relatively, increasing 
the valve overlap between the intake valve 8 and the 
exhaust valve 9 during the suction stroke. As the 
hydraulic pressure to be supplied to the first hydraulic 
pressure chamber 49 is controlled, the ring gear 48 can 
be moved to the end of its travel against the timing pul- 
ley 12 as shown in Figure 3. When the ring gear 48 
reaches this position, the valve timing of the intake valve 
8 becomes most advanced and the valve overlap 
becomes maximum. 

As the spool 62 is retracted, the discharge side of 
the oil pump 29 communicates with the oil passage 34 
and the oil passage 33 communicates with the oil pan 
28, as shown in Figure 2. As a result, hydraulic pressure 
is supplied to the second hydraulic pressure chamber 
50 and the ring gear 48 rotates while moving in the axial 
direction against the pressure of the oil remaining in the 
first hydraulic pressure chamber 49. The oil in the first 
hydraulic pressure chamber 49 is drained into the oil 
pan 28. Consequently, the rotational phase of the cam 
shaft 10 with respect to the rotational phase of the hous- 
ing 36 changes in the Opposite direction to that of the 
previous case. More specifically, the rotational phase of 
the cam shaft 10 becomes retarded with respect to the 
rotational phase of the housing 36. As a result, the 
phase of the valve timing of the intake valve 8 becomes 
retarded with respect to the rotational phase of the 
crank shaft 1a. 

In this case, as shown in Figure 5(a), the valve tim- 
ing of the intake valve 8 retards relatively, causing a rel- 
ative reduction of the valve overlap between the intake 
valve 8 and the exhaust valve 9 during the suction 
stroke; In this diagram, there is no valve overlap. As the 
hydraulic pressure supplied to the second hydraulic 
pressure chamber 50 is controlled, the ring gear 48 can 
be moved to the end of its travel toward the cover 35 as 
shown in Figure 2. When the ring gear 48 reaches this 
end position, the valve timing of the intake valve 8 lags 
most and the valve overlap is minimum. 

As the spool 62 comes to positions between the 
retracted and extended positions, the area of the oil flow 
passage to each hydraulic pressure chamber 49 or 50 
varies and the rate of the valve timing changes will vary 
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accordingly. When the spool 62 is positioned approxi- 
mately midway between the retracted and extended 
positions, the oil passages 33 and 34 are disconnected 
from the oil pump 29 and oil pan 28. Consequently, the 
supply of the hydraulic pressure to each hydraulic pres- 
sure chamber 49 or 50 is restricted so that the operation 
of the WT 25 stops, thus stopping the alteration of the 
valve timing. 

As the WT 25 is properly controlled in the above- 
described manner, the valve timing of the intake valve 8, 
and thus the valve overlap, can be changed continu- 
ously (steplessly) from the range shown in Figure 5(a) 
to the range shown in Figure 5(b). 

The characteristics of the LSV 55 are shown in the 
graph in Figure 7. The horizontal scale in the graph rep- 
resents the position of the spool 62, and the vertical 
scale represents the rate of the change in the valve tim- 
ing (advance rate and retard rate) provided by the WT 
25. The position of the spool the horizontal scale is pro- 
portional to the size of the drive duty ratio DVT for con- 
trolling the LSV 55. and is proportional to the value of 
the current to be supplied to the electromagnetic sole- 
noid 63. In this embodiment, the valve timing is control- 
led by controlling the LSV 55 based on the value of a 
predetermined drive duty ratio DVT To set the valve tim- 
ing to the target value, the drive duty ratio DVT is used 
as a parameter for controlling the LSV 55 in this embod- 
iment. The change rate of the valve timing, not the 
change angle thereof, is determined by altering the 
value of the drive duty ratio DVT In other words, when 
the spool 62 is moved by controlling the LSV 55 based 
on the drive duty ratio DVT. the integration amount of the 
drive duty ratio DVT becomes the change angle of the 
valve timing after the shifting of the spool 62. 

As shown in Figure 1, a cam sensor 78 provided at * 
the cam shaft 10 detects an actual displacement angle 
VT in the rotational angle of the cam shaft 1 0 and sends 
a signal corresponding to the detected value. The cam 
sensor 78 has a plurality of projections arranged at 
equiangular distances on the cam shaft 1 0 and a pickup 
coil located to face each projection. As the cam shaft 10 
rotates and each projection crosses the pickup coil, the 
coil generates an electromotive force. The cam sensor 
78 sends the electromotive force as a pulse signal indic- 
ative of the actual displacement angle VT. 

As shown in Figure 1, an electronic control unit 
(ECU) 80 receives signals sent by the aforementioned 
individual sensors 71 to 78. Based on those signals, the 
ECU 80 properly controls the driving of the individual 
components 16, 22 and 55. 

The ECU 80 includes a central processing unit 
(CPU) 81, a read only memory (ROM) 82, a random 
access memory (RAM) 83 and a backup RAM 84 as 
shown in a block diagram in Figure 4. The ECU 80 has 
those components 81 to 84 connected to an input inter- 
face circuit 85 including an A/D converter and an output 
interface circuit 86 by a bus 87, thus constituting an 
arithmetic logic unit In this embodiment, the CPU 81 
also has the function of a counter. Predetermined con- 



trol programs are previously stored in the ROM 82. The 
RAM 83 temporarily stores the results of the operations 
performed by the CPU 81 . The backup RAM 84 retains 
prestored data. The aforementioned individual sensors 

5 71 to 78 are connected to the input interface circuit 85, 
and the aforementioned components 16, 22 and 55 to 
the output interface circuit 86. This ECU 80 receives 
power from a power-supply battery (not shown). 

The CPU 81 reads the signals from the sensors 71 

10 to 78 received via the input interface circuit 85, as input 
values. Based on the input values, the CPU 81 properly 
controls the driving of the individual components 16, 22, 
55, etc. to execute various controls, such as the fuel 
injection control, ignition timing control and valve timing 

is control. 

The fuel injection control refers to control of each 
injector 16 based on a target value, which is computed 
in accordance with the running condition of the engine 
1, to control the amount of fuel supplied to each com- 
20 bustion chamber 4. The ignition timing control refers to 
control of the igniter 22 based on a target value, which 
is computed in accordance with the running condition of 
the engine 1 , to control the ignition timing of each igni- 
tion plug 5. 

25 The valve timing control refers to control of the acti- 
vation of the LSV 55 based on the drive duty ratio DVT, 
which is computed in accordance with the running con- 
dition of the engine 1. to control the WT 25. thereby 
controlling the actuation timing of the intake valve 8 and 

30 the valve overlap. In this embodiment, the valve timing 
control includes the valve-timing sustaining control and 
learning control. The sustaining control is for sustaining 
the valve timing to a given phase. The learning control is 
for learning a sustaining-duty learning value GDVTH for 

35 evaluating and correcting the result of the sustaining 
control. 

The ROM 82 holds previously stored programs for 
executing those controls, and also holds a previously 
stored initial value GDVTH I associated with the learning 

40 value GDVTH. In the initial learning, the ECU 80 (CPU 
81) uses the initial value GDVTH I as the learning value 
GDVTH. This initial value GDVTHI allows the WT 25 to 
be controlled to relatively reduce the valve overlap. The 
initial value GDVTHI permits the learning value GDVTH 

45 to be initialized to a predetermined value when the WT 
25 is in failure. Therefore, for example, the initial value 
GDVTHI is used as the learning value GDVTH when the 
engine 1 is activated for the first time after manufactur- 
ing, when the engine 1 is activated for the first time after 

so the battery is replaced, or when the WT 25 is in failure. 
The valve timing control will be described below in 
detail. Figure 9 presents a flowchart illustrating a "valve 
timing control routine". The ECU 80 periodically exe- 
cutes this routine at predetermined time intervals. 

55 When the process enters this control routine, first, 
the ECU 80 receives input values associated with the 
throttle opening TA (including the fully-closed state of 
the throttle valve 17), manifold pressure PM, engine 
speed NE, and the actual displacement angle VT based 
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on the signals from the individual sensors 72, 73, 76 
and 78 at step 110. 

At step 1 12, the ECU 80 computes the value of a 
target displacement angle VTT for controlling the WT 
25, based on the values of the currently read parame- 
ters TA, PM and NE. The ECU 80 computes the value of 
the target displacement angle VTT by referring to func- 
tion data shown on the graph in Rgure 6. In the function 
data, the target displacement angle VTT is optimally 
predetermined through experiments from the relation- 
ship between the load LD of the engine 1, which is 
acquired from the manifold pressure PM and the engine 
speed NE. In this function data, the value of the target 
displacement angle VTT is set within a range from "zero 
degrees CA," which is the most retarded value, to H 60 
degrees CA," which is the most advanced value. The 
range from "zero degrees CA" to "60 degrees CA" is 
exemplary. 

At step 1 1 3, the ECU 80 determines if the value of 
the currently-computed target displacement angle VTT 
is "zero degrees CA" or if the valve timing should be 
controlled to the most retarded state (maximum 
retarded timing). When the value of the target displace- 
ment angle VTT is "zero degrees CA", the ECU 80 exe- 
cutes steps 115 and 160 to control the valve timing to 
the maximum retarded timing. 

More specifically, the ECU 80 sets the value of the 
drive duty ratio DVT used for the duty control of the LSV 
55 to "zero % n at step 1 15. and performs the duty con- 
trol of the LSV 55 based on the value of the drive duty 
ratio DVT to control the change angle of the cam shaft 
10 at step 160. To control the LSV 55, the ECU 80 con- 
verts the drive duty ratio DVT of "zero %" to the current 
value for the duty control of the LSV 55. As a result, the 
WT 25 controls the valve timing to the maximum 
retarded timing, at which there is no valve overlap. 
When the value of the target displacement angle VTT is 
not "zero degrees CA" at step 113, the ECU 80 pro- 
ceeds to step 117. 

At step 1 17, the ECU 80 determines if a learn flag 
XGD is "1 ". TWs flag XGD indicates whether or not the 
learning control should be executed first when the 
engine 1 is activated for the first time or when the engine 
1 is activated for the first time after the battery has been 
replaced. The ECU 80 sets this flag XGD according to 
another processing routine (not shown). More specifi- 
cally, the ECU 80 sets the flag XGD to "1" when the 
learning control is to be executed first, and sets the flag 
XGD to "zero" otherwise. 

When it is determined that the learning control 
should be executed first at step 117, the ECU 80 sets 
the initial value GDVTHI stored in the ROM 82 as the 
sustaining duty learning value GDVTH at step 1 18 after 
which the ECU 80 proceeds to step 120. In other words, 
the ECU 80 initializes the sustaining duty learning value 
GDVTH to the initial value GDVTHI. When it is deter- 
mined that the flag XGD is zero at step 1 1 7, the ECU 80 
proceeds to step 120. 



At step 120, the ECU 80 determines if the differ- 
ence (absolute value) between the currently computed 
value of the target displacement angle VTT and the cur- 
rently read actual displacement angle VT is equal to or 
s smaller than a predetermined reference value a. "3 
degrees CA" may be set to the reference value a. When 
the difference is greater than the reference value a at 
step 120, the ECU 80 executes the processes at steps 
130 to 160 to execute the feedback control and learning 
10 control. 

At step 130, the ECU 80 determines if the value of 
the actual displacement angle VT has converged to a 
certain value and remained the same for a predeter- 
mined time period. When the actual displacement angle 

is VT value has not remained the same for a predeter- 
mined time period, which means that the value of the 
angle VT is changing, the ECU 80 executes the proc- 
esses at steps 155 and 160. When the value of the 
actual displacement angle VT has converged to the cer- 

20 tain value and has remained the same for the predeter- 
mined time period, the ECU 80 proceeds to step 135. 

At step 135, the ECU 80 determines H the value of 
the drive duty ratio DVT has converged to a certain 
value and remained the same for a predetermined time 

25 period. When the drive duty ratio DVT at the certain 
value has not remained the same tor a predetermined 
time, which means that the ratio DVT is changing, the 
ECU 80 executes the processes at steps 155 and 160. 
When the drive duty ratio DVT has remained at the cer- 

30 tain value for the predetermined time, which means that 
the ratio DVT has converged to the certain value, the 
ECU 80 proceeds to step 140. 

At step 155, as advanced from step 130 or step 
135, the ECU 80 computes the value of the drive duty 

35 ratio DVT from the following equation. 

DVT = (VTT - VT) * KP + GDVTH 

where KP is a constant equivalent to the gain of the pro- 

40 portional control. 

In the next step 160, as mentioned earlier, the ECU 
80 controls the LSV 55 based on the computed value of 
the drive duty ratio DVT, thereby causing the WT 25 to 
control the valve timing and valve overlap. 

45 At step 140 as proceeded from step 135, the ECU 
80 determines if the WT 25 is failing. The failure of the 
WT 25 here means that the phase of the valve timing is 
fixed to a given state. The ECU 80 makes the decision 
at step 140 based on two failure flags XVFA and XVFR. 

so One failure flag XVFA indicates whether or not failure 
has occurred with the advanced valve timing state. The 
other failure flag XVFR indicates whether or not failure 
has occurred with the retarded valve timing state. When 
one of the failure flags XVFA and XVFR is "1 the ECU 

55 80 determines that the WT 25 is failing. The ECU 80 
sets those failure flags XVFA and XVFR according to a 
"failure detection routine" to be discussed later. 

When the WT 25 is failing at step 140, the ECU 80 
proceeds to step 145. At this step 145, the ECU 80 sets 
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the initial value GDVTHI, stored in the ROM 82, as a 
new sustaining duty learning value GDVTH. This routine 
initializes the learning value GDVTH to a predetermined 
value when the WT 25 is in failure. This routine allows 
the learning value GDVTH to be initialized to the prede- 
termined value when the VVT 25 has recovered from 
the failure state. The predetermined value is a value that 
controls the WT 25 to relatively reduce the valve over- 
lap as already described above. After the execution of 
step 145. the ECU 80 executes steps 1 55 and 1 60 in the 
same manner as has been discussed above. 

While the WT 25 is failing, therefore, the initial 
value GDVTHI is used as the learning value GDVTH in 
the computation of the drive duty ratio DVT. This control 
retards permits the valve timing to make the valve over- 
lap relatively smaller. 

When the WT 25 is not failing at step 140, the 
value of the actual displacement angle VT and the value 
of the drive duty ratio DVT have converged to certain 
values with some difference between the value of the 
actual displacement angle VT and the value of the tar- 
get displacement angle VTT. At this time, the ECU 80 
executes the processes at steps 150, 155 and 160. 

At step 150, the ECU 80 sets the previously com- 
puted value of the drive duty ratio DVT as the learning 
value GDVTH. The ECU 80 updates the learning value 
GDVTH with the value of the drive duty ratio DVT to 
thereby learn this learning value GDVTH. More specifi- 
cally, the ECU 80 evaluates the result of the valve-timing 
sustaining control by comparing the values of both 
parameters VTT and VT with each other and learns the 
learning value GDVTH for correcting this sustaining 
control based on the evaluation. After the execution of 
step 150, the ECU 80 executes the processes at steps 
155 and 160 . in the same way as has been described 
above. 

When the WT 25 is not in failure, therefore, a new 
learning value GDVTH is used in the computation of the 
drive duty ratio DVT. The phase of the valve timing is 
controlled in such a way that the value of the actual dis- 
placement angle VT matches with the value of the tar- 
get displacement angle VTT, thereby controlling the 
valve overlap. 

When the difference between both parameters VTT 
and VT is equal to or smaller than the reference value a 
at step 120, the value of the actual displacement angle 
VT substantially coincides with the value of the target 
displacement angle VTT. To sustain the phase of the 
valve timing then, the ECU 80 executes the processes 
at steps 125 and 160. 

At step 125, the ECU 80 sets the learning value 
GDVTH learned up to now as the value of the drive duty 
ratio DVT At step 160, the duty control of the LSV 55 is 
executed in the same manner as has been discussed 
above based on the set value of the drive duty ratio DVT. 
In other words, when the value of the actual displace- 
ment angle VT nearly matches with the value of the tar- 
get displacement angle VTT, the ECU 80 switches the 
value of the drive duty ratio DVT to be sent to the LSV 



55 to the learning value GDVTH for sustaining the rota- 
tional phase of the cam shaft 10 constant. This learning 
value GDVTH is an instruction value that should be sent 
to the LSV 55 to inhibit the current supply of hydraulic 

s pressure to both hydraulic pressure chambers 49 and 
50 from changing. As mentioned earlier, the ECU 80 
learns the learning value GDVTH to eliminate the influ- 
ence of the allowances and time-dependent variations 
of the LSV 55 and WT 25 from the valve-timing sustain- 

w ing control. As the ECU 80 controls the LSV 55 based 
on this learning value GDVTH, the displacement angle 
of the cam shaft 10 is sustaining, without advancing or 
retarding, at the value of the target displacement angle 
VTT immediately before the sustaining starts. That is, 

is the phase of the valve timing is sustained at the phase 
immediately before the sustaining starts. This control is 
the valve-timing sustaining control. After the execution 
of step 160, the ECU 80 starts again the sequence of 
processes from step 1 10 from the next control cycle. 

20 Figure 10 presents a flowchart illustrating the fail- 
ure detection routine" for detecting a failure in the WT 
25. The ECU 80 periodically executes this routine at 
predetermined crank angle intervals (e.g., every 240 
degrees CA). 

25 At step 200, the ECU 80 checks the condition for 
clearing the value of a first counter CER. When the dif- 
ference between the value of the actual displacement 
angle VT and the value of the target displacement angle 
VTT is small, or when the engine 1 is running at a high 

30 speed or a low speed, the ECU 80 clears the value of 
this counter CER and restarts incrementing the counter 
value every 32 msec. 

At step 210, the ECU 80 checks the condition for 
clearing the value of a second counter CST When the 

35 value of the actual displacement angle VT varies 
greatly, the ECU 80 clears the value of this counter CST 
and restarts incrementing the counter value every 32 
msec. At the same time, the ECU 80 resets the two fail- 
ure flags XVFA and XVFR to "zero". 

40 At step 220, the ECU 80 determines if the value of 
the first counter CER is equal to or greater than a prede- 
termined reference value T1 if and the value of the sec- 
ond counter CST is equal to or greater than a 
predetermined reference value T2. For example, "5 sec- 

45 onds" may be used as both reference values T1 and T2. 
At this step, more specifically, the ECU 80 determines if 
the reference value T1 time has passed after the differ- 
ence between the actual displacement angle VT and 
the target displacement angle VTT has increased and 

so the reference value T2 time has passed after the actual 
displacement angle VT has stopped changing. 

When the values of the individual counters CER 
and CST are each less than the reference values T1 
and T2 at step 220. the ECU 80 considers that a failure 

55 of the WT 25 is not detected and temporarily termi- 
nates the subsequent processing. When the values of 
the individual counters CER and CST are both equal to 
or greater than the reference values T1 and T2, the 
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ECU 80 considers that the failure of the WT 25 has 
been detected, and proceeds to step 230. 

At step 230, the ECU 80 determines if the value of 
the actual displacement angle VT is equal to or greater 
than a predetermined reference value p, which may be s 
set to "30 degrees CA". When the value of the actual 
displacement angle VT is equal to or greater than the 
predetermined reference value 0, which means that the 
WT 25 is failing with the phase of the valve timing 
advanced to a certain degree, the ECU 80 sets the fail- u 
ure flag XVFA to "1" at step 240 and then temporarily 
terminates the subsequent process. When the value of 
the actual displacement angle VT is less than the prede- 
termined reference value p, the ECU 80 proceeds to 
step 250. 1S 

At step 250, the ECU 80 determines if the state of 
the valve timing in the feedback control has continued 
for a predetermined reference time value T3, which may 
be set to "5 seconds". When the state has not continued 
for the reference time T3, the ECU 80 temporarily termi- 20 
nates the subsequent processing. When the state has 
continued for the reference time value T3, which means 
that the WT 25 is failing with the phase of the valve tim- 
ing retarding to a certain degree, the ECU 80 sets the 
failure flag XVFR to "1 " at step 260 and then temporarily 25 
terminates the subsequent process. 

In this manner, the failure of the WT 25 is detected 
and the failure flags XVFA and XVFR are set based on 
the detection result. As mentioned earlier, the ECU 80 
uses the failure flags XVFA and XVFR to determine the 30 
failure of the WT 25 in Valve timing control routine". 

The action and advantages of the valve timing con- 
trol apparatus with the above-described structure will be 
now described. 

When the engine 1 is running, the intake valve 8 35 
and the exhaust valve 9 actuate in synchronism with the 
rotation of the crank shaft 1a. The actuations of those 
valves 8 and 9 allow the respective intake port 6a and 
exhaust port 7a to selectively open or close, thus regu- 
lating the air intake into and discharge from the combus- 40 
tion chambers 4. At this time, the ECU 80 computes the 
value of the optimal target displacement angle VTT 
associated with the valve timing control by referring to 
the function data shown in Figure 6. Based on the com- 
puted value of the target displacement angle VTT, the 45 
ECU 80 computes the value of the drive duty ratio DVT 
Based on the value of the drive duty ratio DVT. the ECU 
80 controls the LSV 55 to control the VTT 25. As a 
result, the valve timing of the intake valve 8 is altered to 
acquire the valve overlap that corresponds with the run- so 
ning condition of the engine 1 . 

When the engine speed NE is relatively high and 
the load LD is relatively high, the WT 25 is controlled to 
increase the valve overlap. This control permits the utili- 
zation of the inertia of the air flowing through the air- 55 
intake passage 6 to enhance the efficiency of the supply 
of air into the combustion chambers 4 and improve the 
output power of the engine 1. When the engine speed 
NE is low and the load LD is low, the WT 25 is control- 



led to decrease the valve overlap. This reduces the ratio 
of the internal EGR in the combustion chambers 4 to 
prevent the improper combustion of the flammable air- 
fuel mixture. Even when the engine speed NE and the 
load LD have other relationships, this controller seeks 
the optimal valve overlap to improve the output power of 
the engine 1 and prevent improper combustion. 

When the value of the actual displacement angle 
VT becomes close to the value of the target displace- 
' ment angle VTT, the ECU 80 controls the VTT 25 by 
controlling the LSV 55 so as to sustain the phase of the 
valve timing. That is. the ECU 80 executes the valve- 
timing sustaining control. When the phase of the valve 
timing is sustained at a given state, the ECU 80 com- 
pares the values of both parameters VTT and VT with 
each other to evaluate the result of the sustaining con- 
trol and learns the learning value GDVTH for correcting 
this sustaining control based on the evaluation. 

The relationship among the various parameters 
VTT, VT, DVT. GDVTH, etc. will be now described by 
referring to Figures 7 and 8. Figure 7 presents the graph 
illustrating the characteristics of the LSV 55. Figure 8 
presents a timing chart showing the behaviors of vari- 
ous parameters VT. DVT, GDVTH. etc. when the value 
of the target displacement angle VTT is set constant. In 
this example, it is assumed that the current learning 
value GDVTH is an "erroneous value" smaller than the 
"true value" as shown in Figure 7. With reference to Fig- 
ure 8, a description will be given of the behaviors of var- 
ious parameters VT, DVT, GDVTH, etc. while the 
learning value GDVTH is updated to the true value from 
an erroneous value. 

Between time t1 and time t2, the actual displace- 
ment angle VT is retarding from the target displacement 
angle VTT. The feedback control therefore allows the 
vaJue of the actual displacement angle VT to change 
toward advancement so as to gradually approach the 
value of the target displacement angle VTT. That is, the 
value of the drive duty ratio DVT, which is the sum of the 
proportional term that is determined by the difference 
(VTT - VT) and the learning value GDVTH, gradually 
decreases while this value is greater than the learning 
value GDVTH and the value of the target displacement 
angle VTT also gradually changes toward advance- 
ment. The proportional term decreases as the differ- 
ence (VTT - VT) decreases. 

At time t2, the value of the drive duty ratio DVT 
becomes equal to the true value of the learning value 
GDVTH. Until time t3 thereafter, the actual displace- 
ment angle VT is constant with the difference (VTT - VT) 
remaining constant, i.e., without converging to the value 
of the target displacement angle VTT During this period 
of time, the drive duty ratio DVT is also constant. 

At time t3, a predetermined time has passed after 
the values of both parameters VT and DVT became 
constant. It is possible to consider at this time that the 
value of the drive duty ratio DVT is the true value of the 
learning value GDVTH, so that this value is updated as 
the learning value GDVTH. At this time, the value of the 
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drive duty ratio DVT becomes greater than the learning 
value GDVTH by the proportional term. As the value of 
the drive duty ratio DVT gradually decreases toward the 
learning value GDVTH thereafter, the value of the actual 
displacement angle VT finally converges to the value of 5 
the target displacement angle VTT. Accordingly, the 
value of the actual displacement angle VT or the phase 
of the valve timing is sustained at the value of the target 
displacement angle VTT under the sustaining control. 

The learning control involving the learning value w 
GDVTH is executed in the above-descrtoed manner, 
and the sustaining control is corrected based on the 
learning result. 

At the time of initiating the learning, the ECU 80 
uses the initial value GDVTHI as the learning value is 
GDVTH. This initial value GDVTHI has been set so that 
the WT 25 relatively reduces the valve overlap. 

If the learning control starts for the first time when 
the engine 1 is activated for the first time or when the 
engine 1 is activated for the first time after the replace- 20 
ment of the battery, the sustaining control is corrected 
by the initial value GDVTHI. Until the initial learning 
once started is temporarily completed, the valve overlap 
does not increase excessively under the sustaining con- 
trol even by the mechanical allowances of the WT 25 25 
and the LSV 55, etc., and the amount of the exhaust gas 
remaining in the combustion chambers 4 does not 
increase. It is thus possible to prevent misfire or engine 
stalling due to an increase in the internal EGR. By 
employing the learning control in the sustaining control, 30 
therefore, the influence of the allowances of the WT 25 
and the LSV 55, etc. are eliminated from the sustaining 
control. In addition, the optimal learning control can be 
executed in the sustaining control until new learning, 
once started, is temporarily completed. 35 

When the ECU 80 determines that the WT 25 has 
recovered from the failure state, the ECU 80 initializes 
the learning value GDVTH to a predetermined value 
under the learning control. That is. while the WT 25 is 
in failure, the ECU 80 keeps using the initial value 40 
GDVTHI in the calculation of the drive duty ratio DVT 
When the WT 25 recovers from the failure state, the 
ECU 80 updates, as the learning value GDVTH, the 
value of the drive duty ratio DVT computed immediately 
before the recovery using the initial value GDVTHI as 45 
one parameter. As a result, the learning value GDVTH is 
initialized to the predetermined value. 

The learning value GDVTH is not erroneously 
learned while the WT 25 is failure. The sustaining con- 
trol does not cause the phase of the valve timing to be so 
improperly set during the period from immediately after 
the recovery from the failure to the temporary termina- 
tion of the learning of the learning value GDVTH. Con- 
sequently, the valve overlap does not become 
excessively large, thus preventing misfire or engine ss 
stalling from occurring due to the internal EGR. During 
the period from the point when new learning starts after 
recovery from a failure and to the point when the learn- 
ing is temporarily completed, it is possible to prevent the 



valve timing control from deteriorating due to an errone- 
ous learning value GDVTH and to execute the optimal 
learning control to control the valve timing. Because the 
initial value GDVTHI is used in computing the drive duty 
ratio DVT while the WT 25 is in failure, the learning 
value GDVTH is adequate for the control of the valve 
timing during the failure period. 

To avoid erroneous learning of the learning value 
GDVTH when the failure of the WT 25 is detected, the 
learning may be inhibited. To detect the failure of the 
WT 25, however, it is necessary to determine that the 
phase of the valve timing is constant for a given period 
of time. Further, it is generally desirable that the refer- 
ence time needed to determine the detection of the fail- 
ure of the WT 25 should be greater than the reference 
time needed to determine the renewal of the learning 
value GDVTH. If the learning of the learning value 
GDVTH is inhibited after detection of the failure of the 
WT 25, therefore, it is not possible to prevent errone- 
ous learning of the learning value GDVTH during the 
period from the occurrence of the failure to the detection 
of the failure. In this respect, the initialization of the 
learning value GDVTH as in this embodiment is advan- 
tageous. 

In this embodiment, the ECU 80 executes the sus- 
taining control as needed so that the angle of the cam 
shaft 10 changed by the WT 25 can be reliably main- 
tained at the value of the target displacement angle VTT 
immediately before the initiation of the sustaining con- 
trol. Moreover, the ECU 80 learns the learning value 
GDVTH that is used in the sustaining control. Therefore, 
the influence of the allowances or time-dependent 
changes of the WT 25 and LSV 55 can be eliminated 
from the learning value GDVTH, thus always ensuring 
the optimal sustaining control. 

In this embodiment, the ECU 80 uses the learning 
value GDVTH as one parameter to compute the drive 
duty ratio DVT in feedback control (other than the sus- 
taining control). Even in the feedback control, therefore, 
the influence of the allowances or time-dependent 
changes of the WT 25 and LSV 55 can be eliminated 
from the drive duty ratio DVT, so that the optimal feed- 
back control will always be attained. 

A specific valve timing control apparatus for an 
engine according to the second embodiment of this 
invention will be now described with reference to Fig- 
ures 1 1 and 12. To avoid a redundant description, like or 
same reference numerals are given to corresponding 
components of this embodiment. The following will 
therefore mainly discuss the differences from the first 
embodiment. 

The second embodiment differs from the first 
embodiment in the content of the learning control of the 
learning value GDVTH. Figures 1 1 and 12 present flow- 
charts illustrating the contents of the Valve timing con- 
trol routine" of this embodiment. The contents of steps 
110, 112, 113, 115, 117, 118. 120, 125, 155 and 160 in 
the routine in Figure 1 1 are the same as those of the 
corresponding steps in the routine in Figure 9. In the 
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second embodiment, the content of the process of 
learning the learning value GDVTH at step 300 in Figure 
1 1 differs from the contents of steps 130, 135. 140. 145 
and 150 in Figure 9. 

Figure 1 2 illustrates the details of step 300. At step s 
310. the ECU 80 determines if the value of the actual 
displacement angle VT has converged to a certain 
value and has remained unchanged for a predeter- 
mined time. When the real change opening VT at the 
certain value has not remained unchanged during the 10 
predetermined time, which means that the value of the 
opening VT is changing, the ECU 80 executes the proc- 
esses at steps 155 and 160. When the actual displace- 
ment angle VT at the certain value has remained 
unchanged during the predetermined time, which is 
means that the value of that angle VT has converged to 
the certain value, the ECU 80 proceeds to step 320. 

At step 320, the ECU 80 determines if the value of 
the drive duty ratio DVT has converged to a certain 
value and remained unchanged for a predetermined so 
time period. When the certain value of the drive duty 
ratio DVT has not remained unchanged during the pre- 
determined time period, which means that the ratio DVT 
is changing, the ECU 80 executes the processes at 
steps 1 55 and 1 60. When the certain value of the drive 25 
duty ratio DVT remained unchanged has for the prede- 
termined time period, which means that the ratio DVT 
has converged to a certain value, the ECU 80 proceeds 
to step 330. 

At step 330 proceeded from step 320, the ECU 80 so 
determines if the currently computed value of the target 
displacement angle VTT is equal to or greater than "55 
degrees CA". This value "55 degrees CA" is exemplary. 
As mentioned earlier, the value of the target displace- 
ment angle VTT is set in the range of "zero to 60 ss 
degrees CA" in the function data shown in Figure 6. In 
this example, therefore, the ECU 80 determines If the 
value of the target displacement angle VTT lies within 
the range from "60 degrees CA" which is equivalent to 
the upper limit (most advanced timing) to "55 degrees <o 
CA". When the value of the target displacement angle 
VTT is equal to or greater than "55 degrees CA". the 
ECU 80 proceeds to step 370. When the value of the 
target displacement angle VTT is less than "55 degrees 
CA", the ECU 80 proceeds to step 340. 45 

At step 340, the ECU 80 determines if the currently 
computed value of the target displacement angle VTT is 
smaller than "5 degrees CA". This value "5 degrees CA" 
is exemplary. In this example, therefore, the ECU 80 
determines if the value of the target displacement angle so 
VTT lies within the range from "zero degree CA" which 
is equivalent to the lower limit (most retarded timing) to 
"5 degrees CA". When the value of the target displace- 
ment angle VTT is smaller than "5 degrees CA". the 
ECU 80 proceeds directly to step 155. When the value ss 
of the target displacement angle VTT is equal to or 
greater than "5 degrees CA", the ECU 80 proceeds to 
step 350. 



At step 350, the ECU 80 sets the previously com- 
puted value of the drive duty ratio DVT as the learning 
value GDVTH. The ECU 80 updates the learning value 
GDVTH with the value of the drive duty ratio DVT to 
thereby learn this learning value GDVTH. After the exe- 
cution of step 350, the ECU 80 executes the processes 
at steps 155 and 160 in the same way as has been 
described earlier. 

At step 360. the ECU 80 temporarily stores the pre- 
viously computed value of the drive duty ratio DVT as a 
sustaining duty learning value GDVTHM in the RAM 83, 
after which the ECU 80 proceeds to step 1 55. 

When the value of the target displacement angle 
VTT is smaller than "5 degrees CA" at step 340, the 
ECU 80 proceeds directly to step 155 without learning 
and updating the sustaining duty learning value GDVTH 
at step 350, i.e., after inhibiting the learning process. 

When the value of the target displacement angle 
VTT is equal to or greater than "55 degrees CA" at step 
330, the ECU 80 learns and updates the learning value 
GDVTH at step 370, and then proceeds to step 155. 
When the previously computed value of the drive duty 
ratio DVT is equal to or smaller than "GDVTHM + y w 
which is the latest stored sustaining duty learning value 
GDVTHM plus a predetermined compensation value y, 
the ECU 80 sets the value of "GDVTHM + y" as the 
learning value GDVTH. It is to be noted that the com- 
pensation value y is a value for restricting the allowable 
limits (upper limit value) of the learning value GDVTH. 
That is, learning of the learning value GDVTH is 
restricted by the value obtained by adding the compen- 
sation value y to the stored learning value GDVTHM, 
which has been learned when the value of the target 
displacement angle VTT was out of the range "55 to 60 
degrees CA". The above are the detailed contents of 
step 300. 

In this embodiment, it is assumed that when the 
value of the target displacement angle VTT lies within 
the range of "zero to 5 degrees CA", which is close to 
the most retarded angle, the WT 25 does not move due 
to a mechanical restriction, and the ECU 80 thus inhibits 
the learning of the sustaining duty learning value 
GDVTH when the value of the target displacement 
angle VTT is in that range. When the value of the target 
displacement angle VTT is close to "zero degrees CA", 
the limit in the most retarded direction, therefore, the 
learning of the learning value GDVTH is not performed. 

Generally speaking, when the value of the target 
displacement angle VTT is close to "zero degrees CA", 
the ring gear 48 in the WT 25, which is controlled 
according to that value, is at one end position of its 
travel range so that the WT 25 becomes temporarily 
inoperable due to a mechanical restriction. This restric- 
tion slightly varies depending on a productions varia- 
tion of the WT 25 in use. Suppose that the end position 
in the travel range of the ring gear 48 corresponds to "2 
degrees CA," slightly deviated from "zero degree CA", 
the target displacement angle VTT to which that end 
position should correspond. 
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If the value of the actual displacement angle VT (2 
degrees CA) does not match with the value of the target 
displacement angle VTT (zero degrees CA) before and 
after the temporary halting of the VVT 25 due to a 
mechanical restriction, an erroneous sustaining duty 5 
learning value GDVTH may be learned based on this 
actual displacement angle VT (2 degrees CA). In this 
embodiment, however, learning the learning value 
GDVTH is inhibited when the value of the target dis- 
placement angle VTT is close to the most retarded 10 
angle. When the VVT 25 temporarily becomes unmova- 
We, an erroneous learning value GDVTH is not learned 
and the phase of the valve timing is not set to the 
improper phase by the sustaining control. Therefore, the 
optimal learning control for the sustaining control can be / 5 
executed in consideration of the possibility that the VVT 
25 is unmovabJe because of a mechanical restriction. In 
other words, the valve overlap, which should be mini- 
mized, will not become unnecessarily large and the 
internal EGR of the engine 1 will not increase unneces- 20 
sarily It is thus possible to prevent misfire or engine 
stalling from occurring by a variation in the internal EGR 
in the engine 1. 

According to this embodiment, when the value of 
the target displacement angle VTT lies within the range 25 
of "55 to 60 degrees CA" which is close to the most 
advanced angle, the learning of the sustaining duty 
learning value GDVTH is restricted based on the sus- 
taining duty learning value GDVTH (GDVTHM), which 
has been learned when the value of the target displace- 30 
ment angle VTT was out of the range "55 to 60 degrees 
CA W . When the value of the target displacement angle 
VTT is dose to one allowable limit "60 degrees CA", the 
most advanced angle, the learning of the learning value 
GDVTH is performed while this learning is restricted 35 
based on the effective learning value GDVTH, which 
has been learned when the value of the target displace- 
ment angle VTT was off the range "55 to 60 degrees 
CA". 

When the value of the target displacement angle 40 
VTT is close to one allowable limit "60 degrees CA". the 
ring gear 48 in the VVT 25, which is controlled accord- 
ing to that value, is at one end position of its movable 
range so that the VVT 25 becomes temporarily unprov- 
able due to a mechanical restriction. According to this 45 
embodiment, the learning of the learning value GDVTH 
is permitted in such a degree that erroneous learning 
does not progress unnecessarily under the condition 
that the WT 25 is temporarily inoperable or that the 
value of the target cfisplacement angle VTT is close to so 
"60 degrees CA" in the most advanced angle direction. 
It is therefore possible to converge the value of the 
actual displacement angle VT to the value of the target 
displacement angle VTT even under the above condi- 
tion, so that the sustaining control does not improperly 55 
set the phase of the valve timing. Therefore, the optimal 
learning control for the sustaining control can be exe- 
cuted in consideration of the possibility that the WT 25 
is unmovable because of a mechanical restriction. That 



is, the valve overlap, which should be maximized, will 
not become unnecessarily small and the internal EGR 
of the engine 1 will not decrease unnecessarily. It is thus 
possible to make the best use of the internal EGR 
acquired by the valve overlap control to thereby prevent 
engine emissions or the deterioration of fuel mileage. 

According to this embodiment, when the valve tim- 
ing is controlled to the most advanced angle to acquire 
the maximum valve overlap, attention is paid to the 
emissions of the engine 1 or the deterioration of fuel 
mileage. The ECU 80 allows the learning of the value 
GDVTH under a predetermined condition so that the 
value of the actual displacement angle VT is converge- 
able to the value of the target displacement angle VTT 
to a certain precision. When it is less important to con- 
verge the values of both parameters VT and VTT or 
when the valve timing is controlled to the most retarded 
timing to provide the minimum valve overlap, however, 
attention is paid to the prevention of engine misfire or 
engine stalling. In this case, the ECU 80 inhibits the 
learning of the value GDVTH to give the first priority to 
the prevention of erroneous learning of the learning 
value GDVTH. 

With regard to the content of the valve timing con- 
trol in this embodiment, the action and advantages of 
the same structure as that of the first embodiment or the 
corresponding structure in the routines in Figures 9 and 
1 1 are identical to those of the first embodiment. 

Although only two embodiments of the present 
invention have been descrfoed so far, it should be 
apparent to those skilled in the art that the present 
invention may be embodied in many other specific 
forms without departing from the spirit or scope of the 
invention. Particularly, it should be understood that this 
invention may be embodied in the following forms in 
which the same action and advantages as provided by 
the above two embodiments are also obtained. 

According to the above-described embodiments, 
the valve overlap is changed by altering only the valve 
timing of the intake valve 8 by means of the WT 25 pro- 
vided at the cam shaft 10 on the air intake side. The 
WT may be provided at the cam shaft 11 on the 
exhaust side, so that the valve overlap is changed by 
altering only the valve timing of the exhaust valve 9 by 
means of this WT Alternatively, WTs may be provided 
at the cam shafts 10 and 1 1 on both the air-intake side 
and exhaust side, so that the valve overlap is changed 
by altering the valve timings of the intake valve 8 and 
exhaust valve 9 by means of those WTs. 

According to the first embodiment, when the WT 
25 has recovered from a failure, the learning value 
GDVTH is initialized with the value of the drive duty ratio 
DVT, which has been computed based on the. initial 
value GDVTHI immediately before the recovery. The 
sustaining duty learning value GDVTH may be initialized 
with the initial value GDVTHI only when the WT 25 is 
recovered from a failure. Alternatively, the learning 
value GDVTH may be initialized with the learning value 
GDVTH that was learned to surely actuate the VVT 25 
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immediately before the detection of a failure when the 
WT 25 is recovered from the failure. 

Steps 140 and 145 in the flowchart of the first 
embodiment illustrated in Figure 9 may be omitted. 
Alternatively, steps 1 1 7 and 1 1 8 in the same flowchart s 
may be omitted. The valve timing control apparatus may 
be designed to simply control the valve timing regard- 
less of the valve overlap, instead of the above-described 
apparatus, which controls the valve overlap by control- 
ling the valve timing. ro 

According to the second embodiment, when the 
value of the target displacement angle VTT is close to 
the value of the most advanced timing or one allowable 
limit, the learning of the value GDVTH is permitted while 
restricting the learning process under a predetermined is 
condition. Further, when the value of the target dis- 
placement angle VTT is close to the value of the most 
retarded angle or the other allowable limit, the learning 
of the value GDVTH is inhibited. The apparatus may be 
modified in such a manner that when the value of the 20 
target displacement angle VTT is close to the value of 
the most retarded timing, however, the learning of the 
value GDVTH is permitted while restricting the learning 
process under a predetermined condition. Alternatively, 
when the value of the target displacement angle VTT is 25 
close to the value of the most advanced angle, the 
learning of the value GDVTH may be inhibited. 

Therefore, the present examples and embodiments 
are to be considered as illustrative and not restrictive 
and the invention is not to be limited to the details given 30 
herein, but may be modified within the scope of the 
appended claims. 

Claims 

35 

1 . A valve timing control apparatus for an engine hav- 
ing an air intake passage (6) for introducing air to a 
combustion chamber (4) and an air exhausting pas- 
sage (7) for exhausting gas from the combustion 
chamber (4), said intake passage (6) and said 40 
exhausting passage (7) respectively having an 
intake valve (8) and an exhaust valve (9), the valves 
(8,9) being alternately opened and closed with a 
valve timing according to rotation of a cam shaft 
(10), which rotates in synchronism with rotation of a 45 
crank shaft (1a) of the engine (1), wherein the 
valves (8,9) are simultaneously opened during a 
period of the valve overlap, wherein the rotational 
phase of the cam shaft (10) is selectively advanced 
or retarded with respect to the rotational phase of so 
the crank shaft (1a) by an adjusting device (25) to 
adjust the valve timing of at least one of the valves 
(8,9), wherein said adjusting device (25) is driven 
by hydraulic pressure supplied from a hydraulic 
pump (29) and is tuned by a hydraulic valve (55) ss 
which is controlled by a controller (80) to converge 
the actual valve timing to a target value computed 
by said controller based on a current running condi- 
tion of the engine (1) so that the period of the valve 



overlap is varied within a range between a maxi- 
mum value and a minimum value, and the valve tim- 
ing is sustained when substantial coincided with 
the target value, said apparatus characterized by 
that said controller (80) determines an offset 
between the actual valve timing and the target 
value when the valve timing is sustained for a pre- 
determined time period, and calculates a value of 
said offset to correct the target value with a current 
specific value computed based on said value of the 
offset so as to cancel the offset. 

2. The apparatus according to Claim 1 , characterized 
by that said controller (80) is arranged to apply an 
initial value for an initial computation of said current 
specific value, wherein said initial value is stored by 
said controller (80) and is preset to control the 
adjusting device (25) so as to decrease the period 
of the valve overlap with respect to said maximum 
value. 

3. The apparatus according to Claim 1 , characterized 
by that said controller (80) determines, based on 
the actual valve timing, a malfunction of the adjust- 
ing device (25) or the hydraulic valve (55) such that 
the valve timing is kept constant, wherein said con- 
troller (80) determines reconditioning of the adjust- 
ing device (25) or the hydraulic valve (55) after safcl 
malfunction based on the actual valve timing, 
wherein said controller (80) initializes said current 
specific value when the recondition after the mal- 
function is determined, and wherein said current 
specific value is changed to a predetermined value 
by controller (80) when initialized. 

4. The apparatus according to Claim 3, characterized 
by that said predetermined value used for initializ- 
ing the current specific value is selected to improve 
the control of the valve timing by said controller (80) 
while said malfunction is reconditioned. 

5. The apparatus according to Claim 1 , characterized 
by that said target value is variable within a prede- 
termined range between an upper limit and a lower 
limit, wherein controller (80) disallows the computa- 
tion of said current specific value when the target 
value is within said predetermined range. 

6. The apparatus according to Claim 5, characterized 
by that said target value within the predetermined 
range is a value that retards the controlled valve 
timing to the limit thereof. 

7. The apparatus according to Claim 1 , characterized 
by that said target value is variable within a prede- 
termined range between an upper limit and a lower 
limit, wherein said controller (80) restricts the com- 
putation of the current specific value, based on a 
predetermined value, when the target value is 
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within said predetermined range, and wherein said 
predetermined value is one of the current specific 
values computed by the controller (80) when said 
target value is out of said predetermined range. 

5 

8. The apparatus according to Claim 7, characterized 
by that said target value within the predetermined 
range is a value that advances the controlled valve 
timing to the limit thereof. 

10 

9. The apparatus according to any one of the preced- 
ing Claims, characterized by that said valve timing 
is adjustable between two limits, and wherein said 
controller (80) controls the hydraulic valve (55) to 
advance the valve timing of the intake valve (8) to is 
one of said limits so as to maximize the period of 

the valve overlap, and wherein said controller (80) 
controls the hydraulic valve (55) to retard the valve 
timing of the intake valve (8) to the other one of said 
limits so as to minimize the period of the valve over- 20 
lap. 



value based on said detected rotation speed of the 
crank shaft (1a) and said detected pressure in the 
intake passage (6). 



10. The apparatus according to any one of the preced- 
ing Claims, characterized by that said adjusting 
device (25) includes: 25 

a cam shaft (10) rotatable in association with 
the crank shaft (1a) for actuating at least one of 
the intake valve (8) and the exhaust valve (9); 
a timing pulley (12) provided on said cam shaft 30 
(10) for transmitting torque from the crank shaft 
(1a) to the cam shaft (10); 
a ring gear (48) for coupling the cam shaft (10) 
to the timing pulley (12) to cause a rotational 
phase difference between the cam shaft (10) 35 
and the timing pulley (12) based on movement 
of the ring gear (48) in an axial direction 
thereof; and 

wherein said ring gear (48) is applied said 
hydraulic pressure to said ring gear (48) from 40 
said hydraulic valve (55) to position the ring 
gear (48). 



1 1 . The apparatus according to any one of the preced- 
ing Claims, characterized by that said controller is 45 
constituted of an electronic control unit (80) having 

an input signal circuit (85). a memory (82,83,84), an 
operation circuit (81) and an output signal circuit 
(86). 

so 

12. The apparatus according to any one of the preced- 
ing Claims, characterized by that said current run- 
ning condition of the engine (1 ) includes the rotation 
speed of the crank shaft (1a) detected by a first 
sensor (76), and the pressure in said air intake pas- ss 
sage (6) detected by a second sensor (73). 

13. The apparatus according to claim 12, characterized 
by that said controller (80) computes said target 
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